Abstract-The decrease of minority-carrier lifetime with resistivity and with illumination level in bifacial dendritic web silicon solar cells is addressed. This variation of lifetime is shown to be consistent with the presence of a distribution of defect levels in the bandgap that arise from extended defects in the web material. The extended defects are precipitates, recently shown to be oxide precipitates, that decorate dislocation cores. It follows that the sensitivity to this background distribution of defect levels increases with doping because the Fermi level moves closer to the majority-carrier band edge. It is not necessary that the dopant atom itself, or a complex including the dopant atom, acts as a recombination center in order to explain the observed decrease in lifetime with doping density. Good agreement is obtained between calculated and measured values of short-circuit current and quantum efficiency for bifacial cells covering a range of doping density ( 6 x lOI4 to 3 x 10l6 ~m -~) and illumination level (0.001 to 1 sun), with illumination from either back or front of the cell. The implications of this approach extend to concentrator cells and to other devices in which minority-carrier lifetime is an important parameter. This includes devices made using Czochralski-grown silicon, where oxygen and oxide precipitates likewise play an important role in determining lifetime.
I. INTRODUCTION HE SHORT-CIRCUIT current density ( J S c ) in a con-
T ventional silicon p-n junction solar cell is strongly dependent on the lifetime of the minority carriers in the base of the cell [l] . This simply follows from the fact that the longer a photogenerated carrier exists, the greater are its chances of being collected by the electric field at the junction and of contributing to the photocurrent. For dendritic web silicon solar cells, J,, has been found to decrease as resistivity decreases. This is particularly important for bifacial cells, which are designed to respond to light incident on either the front or the back surface.
Bifacial cells fabricated from dendritic web silicon substrates have an n+-p-p+ structure. J,, values for light incident upon the front (n'-p) surface of the cell ranged from 32 to 27 mA/cm2 for the resistivity of the borondoped base ranging from 90 to 0.5 fl * cm [2] . The corresponding values for light incident on the back (p'-p) surface ranged from 3 1 -to only 5 mA/cm2. These cells had a nominal thickness of 150 pm, and the light intensity was 100 mW/cm2 with an air mass 1 (AM1) spectrum.
This variation of J,,, particularly for back illumination, is a result of the decrease of minority-carrier (electron) lifetime with resistivity. Furthermore, it was found that the ratio of short-circuit current under back illumination to short-circuit current under front illumination (J,, ( back) / J,, ( front ) ) is not constant, but rather decreases, as the light intensity is decreased from l to 0.0016 sun. This variation of the shortcircuit current ratio with light intensity became more pronounced as the base resistivity of the cells was increased.
At the lowest resistivity (0.5 fl * cm) the ratio was nearly constant. The observed variation of the short-circuit current ratio with light intensity indicates that the minoritycarrier lifetime depends on the concentration of excess carriers in the base of the cell as well as on the substrate doping.
The decrease of lifetime with resistivity has also been observed for Czochralski (CZ) silicon [3] . However, the best float zone (FZ) silicon has been reported to have a minority-carrier lifetime that is high ( -1000 p s ) and nearly constant in both n-type and p-type substrates for doping ranging from 1014 to 10I6 cmP3 [4] . Above 10l6 cmP3 doping, the lifetime in the FZ substrates decreases with doping density because of Auger recombination.
The reason for this decrease of lifetime with resistivity in dendritic web silicon and in CZ silicon is not well understood. However, several facts are known. The dopant impurities (e.g., boron) themselves are not likely to be responsible for this trend because these impurities introduce only shallow levels into the bandgap. In addition, heavily doped FZ silicon (0.2 fl cm, boron doped) with high lifetime is commercially available, for example, from Wacker Siltronic. This material has been used by several groups to produce solar cells with efficiencies ranging from 18 to 21 percent [5] - [7] .
It might be speculated that the dopant atoms enter into a complex with other impurity atoms (e.g., boron-oxygen complex) or with point defects (e.g., boron-vacancy complex). Such a complex may act as a recombination center.
The lifetime would then be degraded as the silicon is doped more heavily, since more complexes would be formed in the process. Complexes of this type are small, regarded as point defects, and therefore would be ex-0018-9383/88/0100-0070$01 .OO @ 1988 IEEE 1 1 - pected to give rise to well-defined energy levels in the bandgap. Such levels have been sought in dendritic web cells by deep-level transient spectroscopy (DLTS) measurements from 77 to 300 K, but none have been systematically observed [8] . The DLTS measurements were carried out with beveled samples, so that the material could be probed to a depth of 60 pm. A second point that argues against the dopant impurity forming an electrically active complex with another impurity or defect that is in abundance in the silicon web (e.g., oxygen) can be stated. Low-resistivity web silicon (0.37 fl -cm, boron doped) has been produced that yielded cells having a high lifetime (13 p s by the opencircuit voltage decay technique) and a high efficiency (16.9 percent) [SI. These relatively high values of lifetime and efficiency were obtained even though the web had a high concentration of boron ( 7 X 10l6 cmP3) and oxygen (typically lo1* cmP3). The fact that boron and oxygen did not limit the lifetime in this particular web cell suggests that the boron-oxygen complex is not the major The purpose of this paper is to show that the observed variation of short-circuit current with resistivity and illumination level in bifacial dendritic web silicon solar cells is consistent with a continuous distribution of defect levels in the bandgap. Possible sources of such defect levels are cited, the physical reasons for low-resistivity material being more sensitive than high-resistivity material to these defect levels are developed, and the calculated values of lifetime as a function of doping density and illumination level are presented. In addition, calculations of short-circuit current under front or back illumination of bifacial cells as a function of light intensity and base resistivity are presented and compared with measured values. The results obtained have implications for concentrator solar cells or any silicon device in which minority-carrier lifetime is important and oxide precipitates, dislocations, or other extended defects are present. This includes Czochralski-grown silicon, in which microscopic oxide precipitates may be present. factor in limiting the lifetime for web cells in general. The same argument could be made for other possible complexes in which the boron combines with some point defect that is present in all web cells. from web that was doped with both boron and phospho-
RECOMBINATION MODELING

A . Mechanism for Recombination via Defect Levels
Fig. l shows the sequence that is required to complete
As another counterexample, solar cells were fabricated a recombination event at a defect level ( E t ) . The recornbination event requires: rus, each to a concen&ation of -3 X 10l6 crnz3, as determined by SIMS measurements. The net doping of this compensated material was 7.2 X lOI5 cmP3, n-type, from Hall measurements. In spite of the relatively large concentration of both boron and phosphorus, the hole diffusion length in the base of cells fabricated from this material was 124 pm, as measured using the surface photovoltage technique. Cells fabricated from this compensated material had an efficiency of 10.3 percent without an antireflective coating. The expected efficiency with an antireflective coating is 15.5 percent, which is reasonably high for web cells. This result also supports the contention that in dendritic web silicon, the dominant recombination centers are not associated with the dopant atoms themselves or with complexes involving the dopant atoms.
An alternate explanation for the decrease of lifetime with resistivity is that the dopant is playing an indirect role in the recombination activity within an operating cell. The primary role is played by the defects that exist in the web material, wholly independently of the dopant itself. Such defects could be extended (not point) defects such as dislocations or precipitates that are introduced during crystal growth or device processing. Defects of this type are expected to give rise to a distribution of energy levels within the bandgap. Each such level can mediate a recombination event via the Shockley-Read-Hall mechanism. Because the Fermi level is set by the concentration of the dopant impurity, low-resistivity material is sensitive to a larger fraction of these defect levels than is high-resistivity material. Consequently, low-resistivity material is expected to have a smaller lifetime than high-resistivity material.
1) initial occupation of the level by a majority carrier; 2) capture and retention of a minority carrier; 3) capture of a majority carrier to restore the initial state of the defect level.
Note that the occupation of a defect level by a majority carrier depends on the position of the Fermi level ( E F ) .
If the defect level is located in the bandgap at a position where it is not normally occupied by a majority carrier (e.g., close to the conduction band edge in n-type material), then the above sequence cannot occur and that defect level does not participate in recombination activity. This picture is valid in equilibrium (where the Fermi level is meaningful) or under very low-level injection conditions. For lightly doped n-type silicon, where the Fermi level lies close to the center of the bandgap, most defect levels in the upper half of the bandgap lie above the Fermi level. Such levels are not occupied by electrons and consequently cannot mediate recombination events. As the resistivity is decreased, however, the Fermi level moves away from the center of the bandgap and toward the conduction band edge. In doing so, it uncovers defect levels and makes them available as recombination centers (step 1). If the silicon bandgap is "cluttered" in this way with energy levels associated with defects, then the minoritycarrier lifetime will decrease as the resistivity is decreased. However, if the bandgap is free from these defect levels, then the lifetime will remain at a high value as the resistivity is decreased. This is the case for FZ silicon.
Thus far, only those defect levels lying between midgap and the majority-carrier band edge (e.g., the conduction Fig. 1 . Sequence of events in the recombination of a free electron and a free hole at a defect level ( E , ) for an n-type semiconductor. Shown are the initial condition (a) in which the defect level is occupied by a majority carrier (electron), and an electron is present in a state near the conduction band edge ( E c ) , and a hole is present in a state near the valence band edge (Ec, ); the intermediate condition (b) after the minority carrier (hole) has been captured by the defect level; and the final condition (c) after the majority camer (electron) has been captured by the defect level. In condition (c), the trap associated with the defect level has been "reset" to mediate another recombination sequence.
band edge in n-type silicon) have been considered. Defect levels lying in the other half of the bandgap can also mediate recombination events, and these too are affected by the position of the Fermi level. For simplicity, assume that the capture cross section for holes ( u p ) is equal to the capture cross section for electrons (a,) for a given defect level. Then, those defect levels lying between the minority-carrier band edge and a certain critical energy play a different role in recombination than other levels. This critical energy level, measured relative to the minority-carrier band edge, is equal to the energy difference between the Fermi level and the majority-carrier band edge. Defect levels with energies less than this critical value have a greater probability for emitting a trapped minority-carrier back to the minority-carrier band than for capturing a majority carrier to complete a recombination sequence (step 3). This means that defect levels in this part of the bandgap are not effective recombination centers. If the capture cross sections are not equal for electrons and holes, then the energy at which the probability for emission of a trapped minority carrier is equal to the probability for capture of a majority carrier is modified somewhat. For n-type material, this critical energy ( E t c ) is given relative to the intrinsic energy ( E , ) in terms of the electron concentration ( n ) and intrinsic carrier concentration ( n , ) as
If E, lies below this critical energy level, then it will not act as an efficient recombination center.
Thus, the position of the Fermi level defines a "window" in the bandgap. Defect states lying within this window are effective recombination centers; those lying outside are not. As the resistivity is lowered, the window is widened and the lifetime decreases. No new defect levels are associated with the additional dopant atoms as such, but pre-existing defect levels are simply exposed when the doping concentration is increased.
In the situation described above, the position of the Fermi level is changed by changing the dopant concentration. The position of the Fermi level in the bandgap can also be changed by temperature. It has been reported that the lifetime of minority carriers in the base of p-n junction solar cells increases as the temperature is raised from 77 to 400 K [lo] . This is entirely consistent with the picture presented above, since an increase in temperature moves the Fermi level closer to midgap. For example, the "window of sensitivity" ( 2 I EF -E, I ) is 1.1 eV at 77 K and 0.4 eV at 400 K for 1 X lOI5 cm-3 doping. This "window" is thereby reduced as the temperature is increased, and the lifetime increases, as expected. Since the lifetime was measured for a particular sample, the distribution of defect levels in the bandgap is fixed. It is only the movement of the Fermi level that is responsible for the variation in lifetime. Similar comments apply to the enhancement in EBIC images that have been reported when a sample is cooled from room temperature to 77 K [ l l ] . The increased recombination activity that is observed at 77 K may well be associated with the movement of the Fermi level away from midgap as the EBIC sample is cooled.
B. Possible Source and Distribution of Defect Levels
While point defects (e.g., heavy metal impurities) or complexes consisting of only a few point defects (e.g., divacancy) give rise to well-defined energy levels in the bandgap, extended defects (e.g., dislocations or oxide precipitates) create a distribution of energy levels. Such a distribution of defect levels has been shown to exist for oxide precipitates in Czochralski silicon [ 121, [ 131. These precipitates can exist in several forms, depending on prior thermal history [ 141. Dislocations and precipitates that have nucleated on the dislocation cores have been observed by cross-sectional TEM in dendritic web silicon [8] . Recent experimental results, obtained using time-offlight mass spectrometry in conjunction with a field ion microscope, indicate that the composition of these precipitates is SiO, [ 151. Infrared spectroscopy measurements (ASTM F121-80) have shown that dendritic web silicon contains interstitial oxygen atoms, which are introduced from the quartz crucible during crystal growth, at a concentration of approximately 1 X lo'* cmP3. Thus, there is a plentiful supply of oxygen from which oxide precipitates ( SiO,) can be formed.
Further indication that these precipitates in dendritic web silicon may be oxide precipitates follows from the response of solar cells fabricated from web material to hydrogen ion implantation. Atomic hydrogen is expected to passivate defect states associated with the interface between the silicon matrix and the SiO, precipitate. It was shown that this is the case for Czochralski silicon in which SiO, precipitates were intentionally created [ 161. Similar results have been obtained for dendritic web silicon, in that the minority-carrier diffusion length in the base of solar cells was found to increase as a result of hydrogen ion implantation [ 171. This increase may be attributed to a passivation of the defect states associated with the silicon-precipitate interface, along with a passivation of possible defect states associated with the dislocation core itself.
In order to simulate a continuous distribution of defect levels in the bandgap, a set of 10 discrete levels was as- sumed, as shown in Fig. 2 . The levels were spaced 0.1 eV apart. Since the interface states associated with the defect level relative to the Fermi level, is valid under equilibrium or very low-level injection conditions. However, a solar cell operates under steady state conditions which may differ significantly from those at equilibrium. The nonequilibrium Shockley-Read-Hall theory [2 11, [22] must then be used to determine lifetime as a function of doping density and the density of carriers in excess of the equilibrium density. The lifetime here is the lifetime of the excess carriers (both electrons and holes), and is the same as the minority-carrier lifetime.
The rate ( U ) at which volume electron-hole recombination occurs for a single defect level is given by the Shockley-Read-Hall expression
planar Si0,-Si interface have a "U-shaped" distribution, a parabolic distribution was assumed for these defect levels in web cells. An expression describing the concentration of each of the assumed defect levels is
where Et -E, is the energy (in electronvolts) of a particular defect level relative to the intrinsic energy level, and Nt is the concentration of that defect level (in reciprocal cubic centimeters). From (2) and Fig. 2 , the concentration of an individual defect level ranges from 1.25 x 10" cm-3 near midgap to 2.12 x 10" near the band edges.
The states in the upper half of the bandgap were taken to be acceptor-like, with capture cross sections of 5 X cm2 for holes. For acceptor-like states, ap is much greater than a, because such a state is assumed to carry a negative charge when occupied by an electron and to be neutral when not occupied by an electron. Similarly, the states in the lower half of the bandgap were taken to be donor-like, with capture cross sections of 5 X cm2 for electrons and 5 x cm2 for holes. Donor-like states are taken to be neutral when occupied by an electron and positively charged when not occupied by an electron. Thus, up is assumed to be much less than u, for these states.
The values for capture cross sections and for defect level density were chosen to be consistent with literature values [18]- [20] and also to permit a reasonably good match between measured and calculated values of spectral quantum efficiency for bifacial cells under low-level illumination. Three different base resistivities were considered for the bifacial cells in arriving at the choice of parameters. For light-generated excess carriers, An = A p .
To maintain a steady-state recombination rate ( U ) , during a certain period of time ( r ) the excess carriers ( A n ) must be replaced. Here, r is the lifetime of the excess carriers. The local lifetime of excess electrons ( r , ( x ) ) is given by In (4), the recombination rate ( U ( x ) ) is determined from (3) over a volume sufficiently small that the excess carrier density ( A n ( x ) ) can be considered constant. Over this small volume the local lifetime ( r , ( x ) ) is constant.
For multiple defect levels, the total recombination rate is assumed to be the sum of the recombination rates from the individual levels. Hence, the lifetime for excess carriers is the ratio of the excess carrier density to the total recombination rate. For the specific case of electrons, this lifetime is expressed as ; an interface state density of 10I2 cmP2 at an Si-Si02 ini $ terface, which is the worst case for thermally grown oxides, the average distance ass9ciated with the two states is estimated as more than 100 A. This distance is too great for multistep recombination to occur.
D. Calculations of Lifetime
The excess carrier lifetime for the parabolic distribution of levels given in Fig. 2 and in (2) was calculated from (3) to ( 5 ) . This lifetime is plotted as a function of excess carrier concentration in Fig. 3 , with substrate doping density as a parameter. An estimate of the excess carrier concentration at some insolation level can be made. 
For a cell 100 pm in thickness ( t ) , a volume generation rate (g,) of -lOI9 e-h pairs/(cm3 s ) is obtained. The excess carrier concentration is then expressed as
A lifetime of 1 ps thus corresponds to an excess carrier concentration of -1013 cm-3 at 1-sun illumination, according to (6). Note from Fig. 3 that the calculated values of minoritycarrier lifetime range from 0.7 to 60 ps. The low-level injection lifetime (excess carrier concentration < IO" ~m -~) increases as the doping density decreases, as expected. This lifetime varied from 0.7 ps at a doping density of lOI7 cm-3 to 6 ps at a doping density of lOI3 ~m -~.
The calculated lifetime also increases significantly with excess carrier concentration, and approaches an asymptotic value at high concentration levels. This is consistent with reports of an increase in lifetime with light intensity in silicon material [24] and in solar cells [25] , [26] . Such an increase results from "trap saturation." While one minority carrier is trapped by a defect level, other minority carriers can stream by without danger of being captured. At an injection level associated with 1-sun illumination (excess carrier concentration -lOI3 to lOI4 crnp3), the calculated lifetime varied considerably from 0.7 ps at lOI7 cm-3 doping to 52 ps at 1013 cmP3 doping. These lifetime values agree with typical values measured by the opencircuit voltage decay method for dendritic web solar cells over the corresponding range of resistivities. This variation in lifetime is due solely to the dependence of the electron occupancy of the defect levels on doping concentration.
kcerr Carrier concentration cm-? Fig. 3 . Calculated lifetimes for silicon with a parabolic distribution of defect levels, as given in Fig. 2 and in (2) .
The largest value of lifetime is reached when the excess carrier concentration is approximately equal to the doping density. The curve for lOI3 cmP3 doping first peaks at an excess carrier concentration of -lOI3 cm-3 and then decreases gradually toward the asymptotic value. This decrease is associated with defect states near the band edges entering into the recombination activity as more and more excess carriers are present in the material.
BIFACIAL SOLAR CELL MODELING
The contribution to the total short-circuit current density associated with light that is absorbed in the base of the bifacial cell has been calculated for several different illumination levels and for several different base resistivities. The cell was assumed to have an n+-p-p+ structure, a junction depth ( n+-p or p'-p) of 0.2 pm, and an effective back-surface recombination velocity of 100 cm/s. Calculations were made for back surface (p'-p) illumination as well as for front surface (n+-p) illumination.
The calculation was carried out by solving the steadystate continuity equation for the spatially dependent ex- 
trons. For back illumination, a similar equation applies:
where H is the thickness of the base of the cell. Equation (7) or (8) cannot be solved analytically for A n ( X, x ) because the lifetime depends on A n ( x ) , as shown in Fig. 3 . Here, A n ( x ) is the total excess carrier concentration at position x , and is obtained by summing the contributions [ A n ( A, x ) 3 from all wavelengths in the spectrum. In order to solve (7) or (8), an effective lifetime (which is constant) was obtained. The appropriate equation (7) or (8) Using this effective lifetime, which is constant, (7) or (8) is resolved for An ( X, x ) . By summing over all wavelengths, a new expression for A n ( x ) is obtained, and this leads to a new expression for r , ( x ) . An effective (constant) lifetime is then determined from (9), as before.
The short-circuit current density for a given wavelength is determined by evaluating at the edge of the depletion region. The total value of J,, is obtained by summing the contributions from all wavelengths in the spectrum. This sequence of recalculating An (x), ( r, ), and . I , , is repeated until J,, converges.
IV. RESULTS
A . Short-circuit Current Calculations and Measurements
The results of the calculations are given in Table I at five different intensity levels for each of the three bifacial cells. The calculations were carried out assuming an AM1.5 spectrum, and a parabolic distribution of defect levels as described in Fig. 2 and in (2) . The doping density in the base of the bifacial cells ranged from 6.0 X 1014 to 3.0 X 10l6 cm-3 in the calculations. These calculated values are to be compared with the measured short-circuit current densities for the p-base cells that are given in Table 11 . These were made with the aid of neutral density filters from Melles-Griot with measured transmissivities of 34.2, 10.9, 0.913, and 0.159 percent. Note that the calculated and measured ratios J,, (back) / J s c (front) decrease as the illumination level decreases. This is because the lifetime is enhanced near the back of the cell under back illumination when the excess carrier concentration is comparable to or greater than the doping density, as indicated in Fig. 3 . This enhancement occurs primarily near the back surface because the light intensity decreases exponentially with depth into the silicon. The enhanced lifetime aids in the transport of a significant fraction of the carriers away from the back surface and toward the front p-n junction. When the front is illuminated at the same intensity, a similar lifetime enhancement occurs near the front surface. This enhancement is of lesser consequence, however, because the carriers are already close to the junction and do not need an enhancement in lifetime to be collected. The measured data of Table I1 agree qualitatively with the calculated values of Table I . This indicates that the assumptions on which the calculations are based are con- Exposed cell area during measurement was . , 7 cut2.
Light Intensity attenuated by neutral density filters.
sistent with the observed trend. Note in particular that the ratio J,, (back) /Is, ( front) is low and relatively constant with light intensity for the cell with the most heavily doped base, and that the ratio becomes larger and more sensitive to intensity as the base doping is decreased. From the lifetime curves of Fig. 3 , this is the expected behavior. Because the density and distribution of extended defects (primarily oxide precipitates decorating dislocation cores) varies from crystal to crystal in web silicon, quantitative agreement between measured values and values calculated from a fixed distribution of defect levels cannot be expected.
B. Internal Quantum Eflciency Calculations and Measurements
The internal quantum efficiency has also been measured as a function of wavelength under either front or back illumination for dendritic web cells 7C (22 il * cm), 68C (6.4 Q * cm), and 37C (0.47 il -cm). The results are given in Figs. 4 , 5, and 6, respectively. These measurements were made using a monochromator and a light source of modest intensity, so very low-level injection conditions ( -0.001 sun) prevailed.
Calculations of the internal quantum efficiency were made for the doping levels of interest. The variation of lifetime with doping density and excess carrier concentration, as illustrated in Fig. 3 , was incorporated as described previously. The illumination level was taken to be 0.1 mW/cm2 (0.001 sun) to match the level used in the measurements. Shown in Fig. 7 are the results of the calculation for a doping density of 2.0 x lOI5 cm-3 (corresponding to web cell 68C) for both front and back illu- mination with 0.001-sun intensity. These are in qualitative agreement with measured results given in Fig. 5 . The effect of increasing the light intensity from 0.001 to 1 sun on the calculated back-illuminated quantum efficiency is given in Fig. 8 for the three doping levels of interest. Note the significant increase in quantum efficiency with light crease with decreasing base resistivity, particularly under back illumination. In addition, the ratio of short-circuit current under back illumination to short-circuit current under front illumination was observed to vary with light intensity. These observations reflect the fact that the minority-carrier lifetime in the base of these cells is a function of the base resistivity and the illumination level. The dopant was assumed to play only an indirect role in determining lifetime. The formation of electrically active complexes involving the dopant atom are not thought to be a significant factor in explaining the observed decrease in lifetime as the doping density increases because DLTS measurements on web cells have failed to indicate any systematic discrete deep levels even for depths up to 60 pm. Instead, this decrease in lifetime is shown to follow from a distribution of defect levels in the bandgap. These levels are a consequence of extended defects that have been observed in the web material. The extended defects are oxide precipitates and the dislocation cores that they decorate. The dopant, then, acts only in the indirect role of moving the Fermi level over an existing background distribution of defect levels that arise from the extended defects.
A parabolic distribution of defect levels in the bandgap was assumed, and minority-carrier lifetime was calculated as a function of doping density and excess carrier concentration (illumination level) using the ShockleyRead-Hall theory. The short-circuit current densities that were calculated using these lifetimes agreed reasonably well with measured values for bifacial dendritic web silicon solar cells. The measurements were made over a range of doping densities ( 6 x 1014 to 3 x 10l6 (31-r~~ ) and illumination levels (0.001 to 1 sun) for both front and back illumination of the bifacial cells. The qualitative agreement over a variety of conditions that results from a single choice of defect level distribution lends credibility to this approach. The implication of these calculations is that if a distribution of defect levels within the bandgap exists, then the higher resistivity material will be less affected by their presence than will the low-resistivity material. In order to obtain low-resistivity material ( -0.2 Q * cm) with adequate lifetime to produce high-efficiency cells, the density of such defects in the bandgap must be kept to a low value. Apparently, this is the case in high-quality FZ silicon. Solar cells fabricated using high-resistivity substrates, on the other hand. are more tolerant of such defect levels. intensity for the more lightly doped base, and the relative insensitivity to light intensity for the more heavily doped base.
V. CONCLUSION The measured short-circuit current density in bifacial dendritic web silicon solar cells has been found to deThe interplay of extended defects, doping density, and injection level is also important in any device in which minority-carrier lifetime is an important parameter. Examples include heavily doped emitters in bipolar devices and solar cells, substrates for high-voltage power devices, and oxygen-precipitated silicon substrates to inhibit latchup in CMOS devices. In addition, the tendency of lifetime to increase with injection level for a distribution of defect levels in the bandgap is expected to be of interest to those working in the field of concentrator solar cells. After several years of research in precipitating ferromagnetic systems, he spent a number of years studying the growth of silicon carbide and device fabrication from this high-temperature semiconductor material. He was a member of an intemational committee on silicon carbide research. For the last ten years, he has been involved in the research and development of photovoltaic cells from dendritic web silicon. He is currently Manager, Photovoltaic Process Development, at the Advanced Energy Systems Division of Westinghouse
